We report ab initio potential energy curves for the interaction of ground state He atoms with the triplet He 2 * excimers. Fully converged, unrestricted, open-shell, coupled-cluster method including singles, doubles, and perturbative treatment of triples substitutions ͑UCCSD͑T͒͒ is used to compute the He 2 *-He potential energy curves for the a(
I. INTRODUCTION
The intrinsic electronic excitations in superfluid He, the lowest of which lies at Ϸ18 eV above ground state, 1 can be optically accessed using strong fields provided by femtosecond laser pulses. 2 The sudden access of such states allows time-resolved studies of the response of the superfluid bath to molecular scale perturbations. 3 In the analysis of such experiments, it is necessary to separate energetic and dynamic contributions that control the observables. Of fundamental interest is the potential energy of interaction between an electronic excitation and the liquid, which is ultimately related to the energetics of interaction between electronically excited and ground state He atoms, which is the subject of scrutiny in this paper.
The lowest energy electronic excitations in LHe are the He 2 * diatomic Rydberg states. 1 These excimers are bound by Ϸ2 eV relative to the He*ϩHe asymptote, and consist of a nested stack of singlet and triplet states in which a Rydberg electron orbits the tight He 2 ϩ ion core (R He-He ϭ1.1 Å). 4, 5 Based on the observation of rotational wings on selected transitions, 6 and based on analyses of spectral shifts in absorption and emission, 7, 8 it has been recognized that the He 2 * excimers occur in bubble states in liquid He. In effect, due to the repulsive exchange energy between the closed shell He and the Rydberg electron of the excimer, the liquid is repelled from the center to form a cavity shaped by the balance of forces between Pauli repulsion and surface tension. At equilibrium, the size and shape of the bubble ͑the angle dependent density profile of the liquid around the excimer͒, must be defined by the He 2 *-LHe interaction potential, which in turn is controlled by the He 2 *-He potential energy surface. We focus on the triplet He 2 * states, and in particular the seven lowest states-a(
, and f ( 3 ⌸ u )-which are accessible through the strong-field preparation method, 2 and are potentially relevant to the time-resolved studies. We first calculate the energetics and electronic wave functions of the triplet excimers in their various states. The electronic structures of the triplet states very closely resemble those of their singlet counterparts. 5 The latter have been calculated previously using generalized valence bond theory, and then again, the main motivation was to rationalize the bubble nature of solvation of these excimers in LHe. We then compute the electronic structure of the triatomic excited states, namely, He 2 *-He, states in which the tightly bound excimer weakly interacts with a ground state He atom. We obtain the weak He 2 *-He interaction potentials by converged, high-level, ab initio methods. To establish that the desired accuracy is attained, we use several points of reference. The energetics of the diatomics, both ground state He-He and excited state He* -He known from experiment and theory, provides one source for calibration. Additionally, we consider the closely related systems of Li-He and H 2 -He. Beside the accuracy of the triatomic interaction potential, to proceed from He 2 *-He to the description of He 2 *-He n an assessment of the nonaditivity of interactions is quite crucial. The description of collective interactions and bubble structures will be taken in detail in the follow-up paper. 9 Here, we investigate the magnitude of many-body contributions by explicitly computing and comparing the energetics of the triatomic He 2 *-He and tetratomic He-He 2 *-He in various states and geometries. 12 The T 1 diagnostic test was fulfilled except on the steep repulsive wall of the He 2 *-He potential. This implies that at long distances, in the di-and triatomic ICMRCI calculations that will be described below, the multireference space merely provides a proper simultaneous convergence to all the desired excited states of the He 2 * and provides some important additional excitations to account for electron correlation. The calculated diatomic ( 3 a, 3 c) potential curves agree within the reported accuracy with those determined experimentally through differential scattering measurements and calculations. 13 At the present level of theory, the He 2 ground state interaction energy is 0.85 meV and its equilibrium distance is 3.0 Å, to be compared with what is regarded as the best determination of 2.964Å and 0.95 meV.
II. METHODS
14 Despite the very weak nature of these interactions, the good agreement is not entirely surprising. It has previously been demonstrated, in calculations of rare gas interactions including He 2 , that converged coupled clusters calculations yield highly accurate potentials for weak, nonbonded interactions. 15 The CCSD͑T͒ method is only applicable for the lowest state of a given symmetry. Therefore, a point group should be chosen for the triatomic system such that each excited Rydberg state in question maps into a unique symmetry representation. This requirement cannot be fulfilled for the linear He 2 *-He configuration where both 3 Because of the symmetry imposed limitations involved with the CCSD͑T͒ method, another approach must be taken for the higher states. Internally contracted multireference configuration interaction method ͑ICMRCI͒ ͑Ref. 16͒ with state averaged multiconfiguration self-consistent field ͑MC-SCF͒ reference calculation, 17 employing complete active space ͑CAS͒ orbitals, is a general and effective method for obtaining such states. Di-and tetra-atomic calculations were performed within D 2h symmetry whereas for triatomic calculations C 2v was used. For calculation of the diatomic PES the orbitals required for describing correct dissociation were included in the CAS. For tri-and tetra-atomic calculations, when the excimer center was held fixed at the equilibrium (R e ϭ1.05 Å), only the required lowest energy excimer molecular orbitals were included in the CAS. All obtained energies are subject to the multi-reference analogue of the Davidson correction in order to obtain approximate size-consistency. 18 Rydberg orbitals were obtained from the ICMRCI calculation by performing natural orbital analysis with contour plotting provided by the MOLDEN program. 19 In each case, the Rydberg natural orbital occupation number was close to unity and no ambiguity in assignment arises. For calculation of transition moments a single point calculation with all the previously mentioned orbitals in the CAS was performed ͑a total of 11 states averaged with identical weights͒. Using these reference configurations the electric dipole transition moments between the relevant states were calculated by using the wave functions obtained from ICM-RCI calculations. Degeneracy of states for ⌺↔⌸ transitions is accounted for by multiplying the transition moment by 2.
To obtain accurate results for interaction energies, the high quality basis set of Dunning et al. 20 ͑aug-cc-pV5Z; av5z͒, ͑aug-cc-pV6Z; av6z͒ and the specially tailored He basis sets, 21 were used. The av5z and av6z bases have been constructed for ground state He atoms, but they contain sufficiently diffuse Gaussians to allow proper description of some of the Rydberg states. For example, with the full configuration interaction ͑FCI͒/av5z calculation the atomic He 1s↔2s transition lies at 19.87 eV, which is in good agreement with the experimental value of 19.82 eV. However, the 1s↔2 p transition is already off by more than 1 eV. The basis set of Ref. 21 , which has been prepared for calculation of the He 2 excimers, provides correct atomic asymptotic behavior for 1s, 2s, 2p, 3s, and 3p shells. This basis set has considerably fewer Gaussians devoted for describing electron correlation, and as such, required testing to determine the severity of this deficiency.
Given the small interaction energies at issue, removal of BSSE is crucial. This was accomplished by the approximate counterpoise procedure of Boys and Bernardi. 22 In the present case the correction is made by the following relation:
where D u represents an atomic center with all basis functions but no charge or electrons. In all calculations the He 2 * bond length was fixed at 1.05 Å. Diatomic calculations were not subject to the BSSE correction except for the singlet ground state He 2 CCSD͑T͒/av5z reference calculation. An important property of the CCSD͑T͒ method is its size-consistency which makes the above counterpoise correction possible. The ICMRCI method, on the other hand, is usually not enough size-consistent even with the Davidson correction applied. In this study we rely on the approximate way of performing the BSSE correction for the ICMRCI calculations. The third term in Eq. ͑1͒ is calculated via FCI for the ground state He atom. The second term is more difficult to handle and much of the error originates from this term. We calculate the corresponding excited excimer state in the basis of the supermolecule and approximate the third term of Eq. ͑1͒ with the energy obtained from this calculation. Here the active space consisted of the orbitals belonging to the He 2 * excimer. Finally, it should be noted that the present ICMRCI calculations are reaching close to the FCI level, and as such, a near size-consistency is expected.
The interatomic distances, R X-He , measured from the center of mass of He 2 *, were systematically explored between 2.5 and 20 bohr ͑at least 16 points for each curve͒. All the ͑U/R͒CCSD͑T͒ and internally contracted MRCI calculations were carried out with the MOLPRO2000.1 program.
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III. RESULTS AND DISCUSSION
A. He 2 *
The calculated diatomic states for He 2 * as obtained from the ICMRCI calculation are shown in Fig. 1 . The 3 a and 3 c states calculated with the CCSD͑T͒/av5z method follow closely these curves. Overall agreement with the known experimental data and expectations provided in Ref. 4 , is quite good. Table I This state was obtained as a side product in avoiding a rootflipping problem in the ICMRCI calculation and will not be further considered. The calculated transition dipole moments are in good agreement with expectations based on selection rules for homonuclear diatomics. Energetics and equilibrium bond lengths can also be considered to match the experimental observations well. Differences between the calculated and experimental transition energies are on the order of 10 meV. Contour plots of the Rydberg electron natural orbitals are presented in Fig. 2 . In the 3 a state the Rydberg electron is predominantly in the bonding combination of He 2s atomic orbitals; and the wave function exhibits near spherical symmetry at long distances from the ionic core. In contrast, in the 3 c state, the Rydberg electron is in the corresponding antibonding combination of the atomic 2s-orbitals as evidenced by the nodal plane between the two nuclei. For higher states, as the asymptote corresponding to the 2p atomic level is reached, the shape of the Rydberg orbital becomes less predictable. For example, in the 3 d state, the constructive combination of two 2p z orbitals produces a rather diffuse spherical Rydberg electron with a radial node, as illustrated in the electron density plot of Fig. 3 . These features will have important consequences with regard to the solvation shell in the liquid phase. In essence a bubble state describes a solvation shell that is effectively repelled by the electron, one in which the liquid avoids wetting the electron. In the case of very diffuse electron wave functions that contain nodes, we may expect the He solvent to penetrate the electron density, and therefore lead to partial wetting of the Rydberg electron. In such considerations, it is also important to discern the extent to which the electron density may be perturbed by the liquid. To this end, we will consider the 3 d state more closely, including the inspection of the electronic structure in the He 2 *-He complex. With regard to the diatomic Rydberg states, the electronic wave functions of the triplets are very similar to those of their singlet counterparts, and all discussions given therein are applicable to the present.
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B. He 2 *-He
Selected tri-and tetra-atomic He 2 *( 3 a and 3 c) -He n ͑where nϭ1,2͒ systems were computed with both CCSD͑T͒ and ICMRCI methods with av5z basis, av6z basis, and the basis set of Ref. 21 . In the 3 a state, at the potential minimum, the calculated energy difference between av5z and av6z bases is less than 0.1 cm Ϫ1 , while on the repulsive wall, the largest difference is Ϸ10 cm Ϫ1 at Rϭ3.5 Å ͑2% difference͒. In the 3 c state, which contains a deep potential well of ϳ400 cm
Ϫ1
, the variation in energy obtained by using the two different bases is less than 1 cm Ϫ1 . We may conclude that at the av6z level, the CCSD͑T͒ calculations are converged with respect to the basis set. The average difference between IC-MRCI and CCSD͑T͒ at the av5z level was Ϸ1 cm Ϫ1 at the potential minimum, the difference reflecting the degree of success of the BSSE correction in the ICMRCI calculation. Comparing the av5z results with the basis set of Ref. 21 , at the CCSD͑T͒ level, produced an average difference of 2 cm Ϫ1 at the potential minimum. This difference is attributed to the missing high angular momentum Gaussians in the basis set of Ref. 21 , bases which are required to describe electron correlation to the full extent. Since the bubble structure is a sensitive function of the long-range part of the interaction potential, we apply CCSD͑T͒/av6z to describe the 3 a and 3 c states whereas we apply the ICMRCI with the basis set of Ref. 21 to all other states.
Because the Pauli repulsion is expected to dominate long-range interactions, the He 2 *-He potential can be expected to follow the excimer electron density distribution rather closely. The diatomic Rydberg electron wave functions, as shown in Fig. 2 , therefore provide qualitative expectations for the triatomic He 2 *-He interaction potentials.
Thus, while the interaction potential for the 3 a state must be isotropic, and the 3 c state is strongly angle dependent. The triatomic energies, obtained from CCSD͑T͒ and ICMRCI calculations, are given in Table II . Both collinear ͑L͒ and broadside ͑T͒ approach of the ground state He atom are considered in the case of anisotropic electronic wave functions. Selected potentials are shown graphically in Fig. 4 . Let us highlight some of the salient features of these potentials:
͑i͒ The 3 a state is nearly isotropic at long distance. The anisotropy of the core only becomes evident on the repulsive Table II that at R ϭ3.5 Å on the repulsive wall, the collinear approach produces a potential which is ϳ8% more repulsive than in the ''T''-approach. Although the interaction is essentially repulsive throughout, both ''L''-and ''T''-geometries contain very shallow van der Waals minima of Ϫ0.3 cm Ϫ1 and Ϫ0.2 cm Ϫ1 near 8 Å, respectively. Given the small magnitude of the anisotropy of the potential ͑0.1 cm Ϫ1 at the minimum͒ and the large rotational constant of He 2 * (Bϭ7.7 cm Ϫ1 ), 24 we may expect the 3 a excimer to undergo free rotation in the liquid phase. This is consistent with the experimental observation of rotational structure in the b←a absorption spectrum in LHe. 6 In short, 3 a state can be expected to exist in a classic, spherical bubble in liquid He.
͑ii͒ In the 3 c state, while the potential in the collinear geometry is strictly repulsive, the ''T''-approach leads to a deep minimum of 482 cm Ϫ1 at Rϭ2.25 Å ͑see Table I͒ . Despite this very deep binding, we have verified that this configuration is stable in the geometry-unrestricted sense. By using the restricted energy minimum of the He 2 *( 3 c) -He complex as an initial guess, unrestricted geometry optimizations within C 2v symmetry fail to produce a new minimum. At the minimum energy configuration, the Hessian obtained by the finite difference method was positive definite, indicating that a tightly bound He 3 * does not form spontaneously via the 3 c state. Along the He 2 *-He stretching coordinate, the ''T'' complex can sustain four bound vibrational states. However, as can be recognized from the electron density plot in Fig. 2 , this corresponds to motion in the nodal trough with very steep potential walls along the bending coordinate. Inclusion of the zero-point energy of bending greatly reduces the number of bound states in the complex ͑see the closely related system of He-molecular halogen complexes 25 ͒. In the liquid phase, the collective interaction with the bulk leads to defining the He density around the excimer. Now zero-point contributions to surface tension will dictate the extent of localization of He-density in the angularly sharp potential minimum on the nodal plane. A distorted bubble geometry with He localized at the belt of the excimer ͑analogous to some 2 P state atoms in LHe͒ ͑Ref. 26͒ is to be expected. ͑iii͒ The interaction potential in the 3 d state is nearly isotropic at RϾ6 Å, but becomes increasingly anisotropic at shorter distances ͑see Table II͒ . The potential contains a barrier of ϳ100 cm Ϫ1 at 6 Å, followed by a deep minimum of Ϸ700 cm Ϫ1 at 2.25 Å along the collinear approach, 355 cm Ϫ1 along the ''T''-approach. These features directly track the electron density in the He 2 *( 3 d) state, which is shown in Fig. 3 . The potential energy barrier corresponds to the maximum of the Rydberg electron density in the outermost lobe, and the potential energy minimum occurs at the radial node. For binding to occur, the ground state He atom must penetrate the diffuse outer density of the Rydberg electron, by overcoming the barrier. Accordingly, both structure and dynamics of this state in the liquid phase can be expected to depend on the method of preparation. Once the liquid is expelled, at a bath temperature of Tр2.14 K, the barrier of 140 K could in principle keep the deep potential well dry. With the same consideration, if He density were to reach the well, it could in principle freeze out of the bath. A more detailed analysis of the bubble structure is deferred. 9 ͑iv͒ In the e 3 ⌸ g state, the collinear approach leads to an attractive potential, while the ''T'' approach breaks the degeneracy of the state into: an attractive potential for the ⌸-orbital perpendicular to the plane of the triatomic, and a repulsive potential for the coplanar configuration. The couping of the electron orientation with the nuclear coordinate will lead to Jahn-Teller activity, with asymmetric bubble motions required to break the electronic degeneracy of the ⌸ state.
͑v͒ In higher Rydberg states, the obvious trends of angular and radial nodes seen in the electron density plots of Fig.  2 will be reflected in the interaction potentials. As a representative of these states, we consider the 3 f state, which can be seen in strong-field preparations. 2 We give potential energy points along the L-and T-approach of He 2 *( 3 f ) -He in Table II. Quite clearly, in proceeding from potential energy curves of triatomics to energetics of solvation in the liquid phase, many-body effects need to be assessed. We have explored such effects explicitly, by calculating the energetics of tetratomics at the same level of theory as the triatomics, and testing the additivity of the weak interaction. The studies were limited to the 3 ͒. However, for the T-shaped 3 c, which contains a deep minimum of ϳ400 cm Ϫ1 at close range ͑see Fig. 4͒ , nonadditivity effects are noticeable. When two ground state He atoms approach the He 2 *( 3 c) state along the perpendicular bisector of the excimer ͑''cross''-geometry͒, the minimum energy configuration occurs at a distance 0.2 Å longer than in the triatomic ''T''-complex. Since the potential minimum in this case is predominantly due to induction, this short-range nonadditivity effect can be rationalized in terms of polarization. Polarization effects can be expected to be further amplified in the liquid phase. The same short-range effect is operative at the potential minimum in the 3 d state. Additionally, a very different source of nonadditivity can be identified at long-range, in the diffuse region of the Rydberg electron density. This is illustrated in Fig. 5 . In Fig. 5͑a͒ we plot both the tri-and tetra-atomic He 2 *-He potentials ͑scaled to triatomic case͒. The potential minimum of the tetra-atomic is shifted by Ϸ0.2 Å to longer distances along with a small reduction in binding energy. Deviations from additivity can also be seen at the potential barrier, starting at a distance near 7.2 Å. The origin of this non-additivity is visualized in Fig.  5͑b͒ , where it can be seen that the approaching ground state He atom effectively repels the diffuse Rydberg electron density. In effect, the ground state atom parts the electron density as it approaches the excimer. Note that this effect is distinct from the nonadditivity of induction forces, which must also be taken into account in any polarizable medium.
In the tetra-atomic, the presence of another ground state He atom at the same radial separation ͑opposite side͒ increases the angular confinement of the electron, hence the higher barrier. Accordingly, significant modification of the barrier region is to be expected in the liquid phase. As example, along the symmetric breathing coordinate of the bubble, complete angular confinement of the Rydberg electron must generate a much larger barrier than in the case of the triatomic. At distances longer than 7 Å (EϽ50 cm
), manybody effects appear to be negligible.
The electron-helium pseudopotential has been commonly used in descriptions of atomic and molecular excited centers in liquid helium. 27, 28 It is then valuable to compare the present ab initio potentials to what would be obtained by the pseudopotential method. In this approach the effective interaction energy of the excimer with the ground state He atom, Ṽ (r), is treated as a sum of repulsion and attraction,
where
The repulsive part of the effective potential is obtained by convoluting the total electron density of the excimer, (r), with the exponentially repulsive electron-helium pseudopotential, V ps . While, the attractive contribution is obtained by first calculating the electrostatic potential, E(r), by integrating over the charge distribution of the excimer and then evaluating the energy of a polarizable He atom in the resultant electric field. The total electron density from ICMRCI calculations, and electron-helium interaction parameters from Ref. 27 , were used in the evaluation of Eq. ͑2͒. In all cases the attractive term was negligible at distances larger than 5 Å, therefore, the potential shape is almost exclusively determined by the pseudopotential integral. This integral is very sensitive to the electron density at large distances from the excimer and therefore sensitive to the basis set used. This effect is illustrated in Fig. 6͑a͒ , where the electron density is shown in the region of the onset of repulsion. Figure 6͑b͒ shows the calculated potentials as obtained from the pseudo- potential approach as well as the ab initio calculation. Although there is a significant variation in the electron densities from one basis set to another, the variation in calculated ab initio energies is much smaller. Since the pseudopotential method reflects the electron density, it generates large differences in effective potentials derived from the different basis sets. The comparison suggests that the basis set of Ref. 21 produces a small amount of spurious electron density at long distances from the excimer, but it appears that this density is easily removed by an approaching ground state He atom ͑in triatomic configuration͒. The pseudopotential calculation using ICMRCI/av5z total electron density produces reasonably accurate results at long distances when compared to the corresponding CCSD͑T͒/av5z calculation ͑errorϽ0.6 cm Ϫ1 for RϾ6.0 Å͒. At short distances the pseudopotential method produces considerably more repulsive potentials than the ab initio calculations. The difference between pseudopotentials calculated with av5z and av6z at Rϭ6.5 Å is Ϸ0.4 cm Ϫ1 . This small difference suggests that the av6z basis set would not produce significantly more repulsion in He 2 *-He, another indication that with respect to the basis set, convergence has been reached.
As a calibration of the accuracy of the CCSD͑T͒/av5z calculations a comparison was made against the He-Li system, where the pair potential is known with good accuracy. 29 The CCSD͑T͒/av5z method produces a slightly more repulsive pair potential, with a difference of 0.6 cm Ϫ1 at the potential minimum (R e ϭ6 Å). Since this calculation involves one less electron than He 2 *-He, the comparison can be expected to yield a lower limit for the error in He 2 *-He potential in 3 a and 3 c states. We estimate the accuracy of the derived ab initio potentials to be between 0.6 cm Ϫ1 and 2 cm Ϫ1 in the region of the potential minima. Another closely related system that was used as a test case is the H 2 -He system. Spectra of both singlet and triplet H 2 in liquid He have been obtained recently, and have been analyzed to conclude that H 2 occurs in a bubble state, with a bubble radius of 8.1 Å for the H 2 ( 3 a). 30 The CCSD͑T͒/av5z level of theory, with the BSSE correction, produces a spherical potential which extends slightly to longer distances than the 3 a state of He 2 *. By calculating the effective bubble potential according to the model used in Ref. 30 , but using the H 2 ( 3 a) -He potential obtained from the CCSD͑T͒/av5z treatment we obtain a very similar bubble potential. In our calculation, the bubble energy was minimized at ϷR b ϭ7.5 Å. The difference of 0.6 Å between the value we calculate, and the radius obtained in Ref. 30 is representative of the uncertainty to be expected in calculations strictly based on ab initio potentials.
IV. CONCLUSIONS
We have presented potential energy curves that provide a good description of the He 2 *-He interaction, with the excimer in its various triplet states. The error in the pair potentials for 3 a and 3 c states, at the potential minimum region, is estimated to be less than 2 cm Ϫ1 and somewhat higher for the other states which were obtained from ICMRCI calculations. The accurate description of these potentials is invaluable to understanding the solvation of these excited centers in superfluid helium 3, 9 and their spectroscopy. 31 
